We describe a new assay for in vitro repair of oxidatively induced DNA double-strand breaks (DSBs) by HeLa cell nuclear extracts. The assay employs linear plasmid DNA containing DNA DSBs produced by the radiomimetic drug bleomycin. The bleomycininduced DSB possesses a complex structure similar to that produced by oxidative processes and ionizing radiation. Bleomycin DSBs are composed of blunt ends or ends containing a single 5′-base overhang. Regardless of the 5′-end structure, all bleomycininduced DSBs possess 3′-ends blocked by phosphoglycolate. Cellular extraction and initial end joining conditions for our assay were optimized with restriction enzyme-cleaved DNA to maximize ligation activity. Parameters affecting ligation such as temperature, time, ionic strength, ATP utilization and extract protein concentration were examined. Similar reactions were performed with the bleomycinlinearized substrate. In all cases, end-joined molecules ranging from dimers to higher molecular weight forms were produced and observed directly in agarose gels stained with Vistra Green and imaged with a FluorImager 595. This detection method is at least 50-fold more sensitive than ethidium bromide and permits detection of ≤0.25 ng double-stranded DNA per band in post-electrophoretically stained agarose gels. Consequently, our end-joining reaction requires ≤100 ng substrate DNA and ≥50% conversion of substrate to product is achieved with simple substrates such as restriction enzyme-cleaved DNA. Using our assay we have observed a 6-fold lower repair rate and a lag in reaction initiation for bleomycin-induced DSBs as compared to bluntended DNA. Also, end joining reaction conditions are DSB end group dependent. In particular, bleomycininduced DSB repair is considerably more sensitive to inhibition by increased ionic strength than repair of blunt-ended DNA.
INTRODUCTION
DNA double-strand breaks (DSBs) are caused, directly or indirectly, by a variety of DNA-damaging agents, including ionizing irradiation and oxidative metabolism (1) (2) (3) (4) . These breaks can have serious consequences, including chromosomal aberrations, increased genetic instability, carcinogenesis and cytotoxicity (5) . To restore genomic integrity, cells repair DSBs by homologous recombination (HR) or non-homologous end joining (NHEJ) (6, 7) . The primary mechanism in mammalian cells is NHEJ (8) .
Genetic studies, using radiosensitive mammalian cell lines and animals that are deficient in V(D)J recombination during lymphoid development, have been useful in identifying several proteins (Ku70 and Ku86, DNA-PKcs, DNA ligase IV, XRCC4 and the Rad50/Xrs-2/MreII complex) that are involved in the DSB repair process (9) (10) (11) (12) . However, due to the lack of a quick, simple and versatile in vitro assay, the exact biochemical mechanism of repair remains unknown.
Several DSB repair methods based upon end joining of linear plasmids have been described in the literature (13) (14) (15) (16) . All of these assays use restriction enzyme cut plasmid DNA as the repair substrate. Although this is an efficient method of linearizing plasmids in vitro, the physical structure of the DSB end does not reflect the structure of DSBs produced naturally in mammalian cells by either endogenous metabolic processes or by many DNA-damaging agents. Most naturally occurring DSBs, particularly the medically relevant DSBs produced by ionizing radiation and some chemotherapeutic agents, result from oxidative processes. Oxidatively induced DSBs are formed by the destructive loss of at least 1 nt in each DNA strand at the break site. In contrast to restriction enzyme cut DNA, the resulting end structure is complex, consisting of nucleotide fragments that render the ends unligatable in the absence of nucleolytic processing (17) (18) (19) . This is not the case with restriction enzyme cut DNA, in which complementary or blunt ends can be directly ligated. Even in cases where restriction enzyme-produced DSBs consisting of non-complementary abutted overhangs are used as substrates, the overhanging ends can be aligned to permit ligation and/or polymerasemediated fill-in reactions on the opposite gapped strand (20) .
Therefore, to study NHEJ repair using substrates modeled on those expected in vivo, we have developed an in vitro DSB end joining assay that employs a plasmid DNA substrate linearized by the radiomimetic drug bleomycin. Bleomycin-induced strand breaks are formed by the destructive loss of a nucleotide which results in a 1 nt gap flanked by a 5′-PO 4 and a 3′-phosphoglycolate (3′-PG) (21) . This structure is similar to ionizing radiation-induced strand breaks and strand breaks produced by reactive oxygen species like H 2 O 2 (22) (23) (24) (25) (26) (27) (28) .
Povirk et al. (29) have presented a comprehensive analysis of bleomycin-induced DSB structures that are summarized in Figure 1A -E. The structures depicted in Figure 1A -D represent nearly 90% of all bleomycin-induced DSB types and are distributed almost equally between 3′-PG blocked blunt ends and ends containing a 3′-PG and a single base 5′-overhang. Therefore, in contrast to 'non-ligatable' restriction enzyme generated DSB substrates, which are typically formed by abutting overhangs (3′ or 5′) of four bases per end, bleomycin-induced DSBs resemble blunt-ended DNA. This is noteworthy because eukaryotic cell extracts are reported to be particularly inefficient at end joining blunt-ended substrates (15, 30, 31) . Therefore, bleomycin-induced DSBs present a dual problem for the NHEJ pathway, complex ends, which require processing prior to ligation, and a difficult to ligate blunt-end structure. This dual complexity of the bleomycin DSB suggested that we should optimize our procedure for a simple (i.e. 3′-OH and 5′-P) blunt-ended DNA substrate before attempting repair of complex bleomycin-induced DSBs. Since ligation is the final step of NHEJ and human cell extracts are poor at ligating blunt-ended DNA, we reasoned that unless we could achieve efficient ligation of blunt-ended DNA we were unlikely to achieve efficient end joining with the more complex bleomycin-induced DSB. Consequently, we optimized our method for efficient joining of restriction enzyme-induced blunt ends first and used these conditions to examine repair of the more complex bleomycin-damaged substrate. We show that human HeLa cell nuclear extracts support end joining of these complex DSBs to form multimeric-plasmid products. Interestingly, the optimal repair conditions vary depending upon the chemical structure of the DSB end being rejoined.
Finally, due to its relatively speedy processing times and lack of radioactive components, this assay can be easily scaled up to levels appropriate for biochemical analysis and protein purification or for high throughput screening methods.
MATERIALS AND METHODS

Materials
Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum, non-essential amino acids (10 mM), glutamine (100 mM), penicillin/streptomycin (10 000 U/ml), Saccharomyces cerevisiae tRNA and T4 DNA ligase (1 U/µl) were purchased from Life Technologies (Gaithersburg, MD). Bleomycin and phenylmethylsulfonyl fluoride (PMSF) were obtained from Sigma (St Louis, MO). Endonuclease IV (10 U/µl) was purchased from Trevigen (Gaithersburg, MD). StuI (10 000 U/ml) was purchased from New England BioLabs (Beverly, MA). Vistra Green (VG) was obtained from Amersham Pharmacia Biotech (Piscataway, NJ).
Protease inhibitors (leupeptin, bestatin, pepstatin and pefablock) were purchased from Boehringer Mannheim (Indianapolis, IN) and aprotinin was from ICN Biomedicals Inc. (Aurora, OH). Plasmid pSP189 was a generous gift from Dr Michael Seidman (National Institute of Aging, Baltimore, MD).
Cell extraction and fractionation
HeLa S 3 cells were grown as monolayers at 37°C in DMEM containing 10% (v/v) fetal bovine serum, 1% (v/v) non-essential amino acids and 1% (v/v) penicillin/streptomycin. Nuclei were isolated from ∼10 g (wet weight) freshly harvested, logarithmically growing cells, by a modification of the method previously described (32) . All cellular extraction procedures were performed at 4°C unless stated otherwise. Cells were harvested by scraping, then washed and pelleted twice in ice-cold PBS (800 g). The cell pellet was resuspended in 2.5 vol hypotonic lysis buffer (10 mM Tris-HCl, pH 7.6, 1 mM DTT, 5 mM MgCl 2 , 1 mM EDTA, 1 mM pefablock, 1 µg/ml aprotinin, 0.15 µg/ml leupeptin, 10 µg/ml bestatin, 1 µg/ml pepstatin) and swollen on ice for 40 min. The cells were lysed by Dounce homogenization (40 strokes with the 'loose' pestle). Lysis was estimated to be ≥90% by Trypan Blue dye exclusion.
The homogenate was brought to 250 mM sucrose and nuclei were recovered by centrifugation at 1000 g for 5 min. The nuclei were resuspended in an equal volume of hypotonic lysis buffer containing 250 mM sucrose and repelleted at 1000 g for 10 min. Isolated nuclei were resuspended in 4 vol nuclear extraction buffer (20 mM Tris-HCl, pH 7.6, 1 mM DTT, 2 mM EDTA, 20% v/v glycerol, 500 mM NaCl, 1 mM pefablock, 1 µg/ml aprotinin, 0.15 µg/ml leupeptin, 10 µg/ml bestatin, 1 µg/ml pepstatin). Following incubation on ice for 30 min with occasional gentle mixing, the extract was clarified by centrifugation at 25 000 g for 20 min. The supernatant was dialyzed overnight against buffer A (20 mM Tris-HCl, pH 7.6, 1 mM DTT, 1 mM EDTA, 20% v/v glycerol, 25 mM NaCl, 0.2 mM PMSF), flash frozen in liquid nitrogen and stored at -70°C until needed for chromatography.
Extracts were partially purified by chromatography on HiPrep Sephacryl 200, followed by DEAE-Sephacel chromatography. Nuclear extracts (3 ml) were mixed with 1 mg sheared herring sperm DNA and loaded onto a HiPrep Sephacryl 200 16/60 (Pharmacia, Piscataway, NJ) column pre-equilibrated in buffer A. Fractions (2 ml) containing proteins in excess of 60 kDa, including protein recovered in the void volume, were pooled. Pooled protein from HiPrep Sephacryl 200 chromatography was brought to 200 mM NaCl and loaded onto a MT10 (Bio-Rad, Hercules, CA) DEAE-Sephacel (Amersham/Pharmacia) column equilibrated in buffer B (20 mM Tris-HCl, pH 7.6, 1 mM DTT, 1 mM EDTA, 20% v/v glycerol, 200 mM NaCl). Protein was eluted from the column in two steps. The first step consisted of a 2.5 bed volume wash with buffer B, the second was a 4 bed volume wash with buffer B + 200 mM NaCl. Fractions (4 ml) containing protein eluted at either 200 or 400 mM NaCl were pooled separately and designated A and B, respectively. The recovered protein fractions were dialyzed separately against buffer C (20 mM Tris-HCl, pH 7.6, 1 mM DTT, 1 mM EDTA, 20% v/v glycerol, 1 mM pefablock, 1 µg/ml aprotinin, 0.15 µg/ml leupeptin, 10 µg/ml bestatin, 1 µg/ml pepstatin), flash frozen and stored at -70°C until needed.
DNA preparation
DNA containing DSBs was prepared from plasmid pSP189 either by restriction enzyme digestion or by treatment with the radiomimetic drug bleomycin. DNA containing DSBs with ligatable (3′-OH and 5′-PO 4 ) blunt ends was produced by complete digestion of pSP189 with StuI restriction endonuclease (Fig. 1F ). Linear DNA containing DSBs with unligatable 3′-PG-blocked ends was prepared by treating supercoiled pSP189 plasmid DNA with bleomycin ( Fig. 1A-E) . Plasmid DNA was treated as described previously under conditions demonstrated to produce strand breaks exclusively (33) . Briefly, DNA at 150 µg/ml in 12.5 mM Tris-HCl pH 8.0, 300 mM sucrose, 0.0188% Triton X-100, 1.25 mM EDTA, 5 mM MgCl 2 , 7.5 mM β-mercaptoethanol (βME) and 250 µg/ml heat-inactivated BSA was treated with bleomycin (0.5 µg/ml) at 37°C for 20 min in the presence of 100 µM ferrous ammonium sulfate. The drug was removed by ethanol precipitation and linearized DNA was band isolated and recovered following 1% agarose gel electrophoresis as described previously (34) .
End joining assay
DNA DSB end joining repair reactions were typically conducted in 50 µl total volume. Reactions contained 50 mM Tris-HCl pH 8.2, 5 mM MgCl 2 , 1 mM ATP, 1 mM DTT, 5% polyethyleneglycol (PEG) 8000, 1 µg/ml aprotinin, 0.15 µg/ml leupeptin, 10 µg/ml bestatin, 1 mM pefablock, 100 ng substrate DNA and partially purified HeLa nuclear extract as indicated in the figures. Repair reactions were stopped by addition of 0.4% SDS and incubation at 65°C for 15 min. DNA was recovered by extraction with phenol:chloroform (1:1) and ethanol precipitation using 0.5 µg tRNA as carrier. Repair products were identified by gel shift following 1% agarose electrophoresis and staining for 1 h with Vista Green (VG) according to the manufacturer's instructions. Images were digitized with a FluorImager 595 system (Molecular Dynamics, Sunnyvale, CA) and quantified densitometrically using Gel-Pro software (Media Cybernetics, Silver Spring, MD).
Protein assay
Protein determinations were made according to the method of Bradford (35) , using bovine plasma γ-globulin as the standard.
RESULTS
Detection method
We sought to develop a fast, high throughput assay applicable to protein purification and biochemical analysis. The chief requirement of such an assay is quick, easy and efficient observation and processing of results, preferably by direct observation of repair products in a gel immediately following the repair reaction. We determined that ethidium bromide staining was not sensitive enough for this application. Therefore, we tested VG (which has been reported to be capable of detecting ≤20pg/band duplex DNA; 36,37) for DNA detection sensitivity and linearity of DNA/dye binding with respect to DNA concentration. Measurements were made over the range 0-100 ng using pSP189 plasmid DNA linearized with EcoRI and a FluorImager 595 for detection (Fig. 2) . Using scanning conditions optimized for ethidium bromide and VG, respectively, we have found VG staining to be up to 100-fold more sensitive than ethidium bromide ( Fig. 2A and B) . In practical applications as little as 0.25 ng double-stranded DNA/band can be detected on agarose gels in close proximity to bands with greater fluorescence. In addition, VG dye binding is proportional to DNA concentration from 0.25 to 100 ng ( Fig. 2B and  C) , which encompasses the range of DNA band concentrations observed in our assay.
HeLa cell extraction and partial purification
HeLa cell nuclear extracts were produced as described in Materials and Methods. Crude nuclear extracts did not support DSB end joining; therefore, chromatography was performed to produce a protein mixture that would. To enhance for DSBbinding activities, the crude nuclear extracts were mixed with sheared herring sperm DNA, which was added to serve as a substrate for the nucleation of DSB-binding protein complexes. The protein/DNA mixture was then loaded onto a HiPrep Sephacryl 200 16/60 column and proteins which eluted from the column at >60 kDa were pooled. This size range is sufficiently broad to include the known NHEJ proteins. In addition to recovery of potential DNA-bound protein complexes, Sephacryl 200 chromatography helped to reduce small molecular weight nucleases that were not bound to the DNA. The Sephacryl 200 column was followed by a DEAE column, which served to separate the protein component of the mixture from nucleic acids. The added and endogenous nucleic acid fragments act as an inhibitor in our assay and their removal is required to observe end joining. Protein was eluted from DEAE in the 200 (PTN A) and 400 mM NaCl (PTN B) wash steps (Fig. 3A) . DNA is retained by the column and does not elute until the gradient reaches a salt concentration >500 mM NaCl.
Optimization of blunt-end joining
Pooled proteins constituting DEAE PTN A and PTN B were tested for their capacity to rejoin blunt-ended DNA produced by StuI restriction enzyme cleavage of plasmid pSP189. Although both fractions support end joining and produce dimers, only PTN A produces appreciable amounts of trimers and higher molecular weight forms (Fig. 3B, lanes 1 and 2) . The yield of end-joined products was buffer dependent, with more product produced in a pH 7.6 Tris buffer containing 1 mM ATP than in a Bis-Tris-propane buffer, pH 8.0, containing 2 mM ATP (Fig. 3B, lanes 1-4) . When incubated together, PTN A and B did not complement each other in either buffer (data not shown). The differential end joining activity observed in the two initial test buffers was a function of ATP concentration and not pH. Reactions at 0.5 mM ATP were similar to the 2 mM ATP reactions in that they resulted in a lower yield of repair products than reactions at 1 mM ATP (data not shown). Therefore, 1 mM ATP was used in subsequent end joining reactions. PTN A produced >50% more end-joined product than an equivalent weight of PTN B, therefore PTN A was used in all subsequent end joining optimization procedures.
Time and temperature dependence. North et al. have reported that end joining of restriction enzyme-linearized plasmid DNA was a temperature-dependent process with more efficient reactions occurring at lower temperatures (13) . We tested this observation with our HeLa cell PTN A extract and found similar results (Fig. 4) . Three reaction temperatures were tested: 4°C (Fig. 4A, lanes 1-4) , 17°C (Fig. 4A, lanes 5-8) and 37°C (Fig. 4A, lanes 9-12) . In addition, the time-dependent yield of end-joined product DNA was determined at all three temperatures. Reactions were conducted with 15 µg PTN A in the standard reaction buffer described in Materials and Methods modified to pH 7.6. Both the 4 and 17°C time course reactions have essentially first order kinetics and both reactions ultimately produced the same relative conversion (∼41%) of substrate DNA to product DNA at 22 h (Fig. 4B) . However, the 17°C reactions appeared to have a higher velocity and produced a larger yield of product DNA in a shorter time. Therefore, 17°C was selected as the standard reaction temperature and reactions were typically run for 18-22 h. In the case of the 37°C reactions, the yield of product decreased with increasing time as a result of nucleolytic degradation (Fig. 4A,  lanes 9-12) . This indicates the presence of nuclease activity in the PTN A fraction that exceeds end joining activity at 37°C.
Protein concentration dependence. The amount of partially purified extract needed to maximize the yield of blunt-end DSB joining products was assessed with 100 ng StuI cut pSP189. These reactions were conducted at 17°C for 18 h under standard reaction conditions as described in Materials and Methods. The reaction displayed first order kinetics and maximal blunt-end joining was ∼48% conversion of substrate to product at 23 µg extract protein (Fig. 5A and B) . Interestingly, at very low protein concentrations (Fig. 5A, lane 2 ) not only were no product molecules detected, but the linear substrate DNA itself was degraded; this effect was observed in multiple experiments, including those containing bleomycinlinearized substrate. As observed above, there are nuclease activities in our extract that can degrade the substrate DNA and this reaction is favored at low protein concentrations, even when lower temperatures that favor end joining are used. In contrast, substrate DNA is stabilized at higher protein concentrations and the end joining reaction is favored. It is also important to note that end-joined products are subject to nucleolytic degradation when reactions are conducted in the absence of protease inhibitors. Under these conditions the extract protein itself is unstable and suffers from proteolytic degradation. This probably reflects loss of Ku from the extract in the presence of active proteases.
Production and characterization of linear substrate DNA containing bleomycin-induced DSBs
The time, temperature, protein concentration and buffer conditions identified in the previous experiments were established as standard conditions for maximizing end joining of a simple, directly ligatable, blunt-ended substrate. Given these conditions, we were interested in conducting a comparative analysis for end joining of the simple StuI DSB and the complex bleomycin-induced DSB. However, because only a fraction of bleomycin-damaged plasmids will contain DSB, we first sought to maximize the yield of this product and determine its suitability for use as an end joining substrate.
To maximize the yield of linear plasmid containing bleomycin-induced DSBs, a bleomycin dose-response experiment was conducted (Fig. 6A) . Bleomycin treatment was performed as described in Materials and Methods and maximum yield of linear DNA was obtained at 0.75 µg bleomycin/ml DNA solution (5.2 × 10 -3 µg bleomycin/µg DNA). The linear DNA was isolated and used as substrate in several end joining assays. Although limited amounts of end-joined products were observed with this substrate, the yield (2-5%) was only a fraction of that obtained with the equivalent StuI cut linear DNA substrate (data not shown). This could reflect the inherent difficulty of repairing the more complex bleomycin-induced DSB or it may reflect a problem with the quality of the bleomycininduced linear DNA substrate. To determine which of these two possibilities were responsible for the low yield of repair products with bleomycin-damaged DNA, we first examined the quality of the purified bleomycin-linearized substrate.
Substrate quality assessment. Although it had been band purified and was quite clean, the quality of the bleomycin-linearized substrate DNA was questioned because a small amount of the fragmented DNA resulting from bleomycin treatment (Fig. 6A, lane 10) was still detectable in the purified DNA and might act as an inhibitor of the end joining reaction. If so, this phenomenon should be bleomycin dose dependent. To test this, we band purified bleomycin-linearized DNA from bleomycin dose-response curve reactions ranging between 0.25 and 2.5 µg/ml bleomycin (Fig. 6A, lanes 8-12) and subjected it to repair by PTN A protein. The result was a bleomycin dose-dependent decrease in the yield of end-joined product DNA (Fig. 6B) . Furthermore, as the repairability of the bleomycin-linearized substrate DNA decreased, the quantity of fragmented DNA in the substrate preparation increased (Fig. 6B, inset) . However, based upon the bleomycin doseresponse results (Fig. 6A) , induction of damage was normally distributed. Therefore, the yield of single-strand breaks proportionate to DSB would also be expected to increase as the bleomycin dose was increased. Consequently, the decrease in end joining observed with DNA prepared by treatment with 0.75 µg/ml bleomycin might reflect a disproportionately large number of single-strand breaks being located immediately proximal to the DSB ends, thus inhibiting processing and end joining. To address this, we recovered bleomycin-fragmented DNA from beneath the linear band in 0.5 µg/ml bleomycin reactions and added it incrementally to otherwise functional end joining reactions using linear DNA recovered from the same reaction (Fig. 6C) . Inclusion of modest amounts of fragmented DNA similar to those observed in the reactions in Figure 6B was sufficient to completely inhibit end joining. Furthermore, fragment dose-dependent inhibition of the end joining reaction mirrors the bleomycin dose-dependent inhibition of the reaction almost exactly (Fig. 6B and C) . Therefore, to balance yield of linear DNA from bleomycin treatment with the quality and repairability of the resulting purified DSBcontaining DNA, we isolated DNA linearized by 0.5 µg/ml bleomycin (3.4 × 10 -3 µg bleomycin/µg DNA) for use as substrate DNA.
To evaluate the total inherent capacity of this DNA to support end joining in comparison to DNA linearized by StuI, its ability to form end-joined products following processing by recombinant bacterial enzymes or PTN A was examined (Fig. 7) . Both the bleomycin-linearized and StuI-linearized DNA were treated with E.coli endonuclease IV and T4 DNA ligase either alone or in combination. Endonuclease IV is a class II AP endonuclease that is also capable of cleaving 3′-nucleotide fragments at DNA strand-break ends and producing a 3′-OH end capable of supporting ligation or polymerization (38) . Endonuclease IV treatment alone had no effect on the migration of either bleomycin-linearized substrate DNA or StuIlinearized DNA (Fig. 7A, lanes 3 and 8) . In contrast, although treatment with T4 DNA ligase does not affect migration of the bleomycin-linearized substrate, it did produce end-joined products in the presence of StuI-linearized DNA (Fig. 7A,  lanes 4 and 9, and Fig. 7B ). This result demonstrates the blocked, unligatable nature of the bleomycin-induced DSB. However, when the bleomycin-linearized substrate DNA was reacted with endonuclease IV and T4 DNA ligase in combination, end-joined products were formed with an identical distribution to those produce with StuI-linearized DNA under the same conditions (Fig. 7A, lanes 5, 9 and 10 ). Most importantly, the yield of end-joined product for both the bleomycin-and StuI-linearized DNA substrates in the presence of endonuclease IV and T4 DNA ligase was essentially the same (Fig. 7B ). These results demonstrate that the capacity of the bleomycin-linearized substrate DNA to support end joining repair is equal to that of the blunt-ended StuI-linearized substrate DNA. This observation also confirms the predominately blunt-ended nature of the bleomycin-induced DSB. Finally, the bleomycin-and StuI-linearized substrates were subjected to repair by PTN A and, although high molecular weight end-joined products were formed with both substrates, substantially more product was formed with the StuI-linearized substrate than with the bleomycin-linearized substrate (Fig. 7A, lanes 2 and 7, and Fig. 7B) . The difference in the ability of PTN A to catalyze end joining with the two substrates is a function of the extract's ability to process the blocked ends of the bleomycin-linearized DNA. Therefore, either the bleomycin-linearized DNA is more difficult for PTN A to process due to the complexity of the oxidatively induced DSB or the protein mixture is lacking a required endprocessing activity due to the extraction process. The possibility that an end-processing activity has been partially excluded from the final PTN A extract is currently under investigation, however, no such activity has yet been identified.
DSB structure-dependent effects on end joining
As with StuI-linearized substrate DNA, reaction parameters, including PTN A protein concentration, were examined with the bleomycin-linearized substrate and differences were observed between the two substrates. In contrast to the results obtained with StuI-linearized DNA, repair of bleomycinlinearized DNA reached near maximum activity with as little as 7.5 µg PTN A (Fig. 8A) . As with StuI-linearized substrate DNA, maximum activity was reached at 23 µg PTN A, but the amount of rejoined products obtained at this point only exceeded the amount observed at 7.5 µg by 6%. Also, as observed with the StuI cut DNA, low PTN A concentrations resulted in substrate degradation with the bleomycin-linearized substrate, displaying this effect at up to 3.9 µg PTN A, in contrast to StuI-linearized DNA, where this effect was only observed below 3.9 µg PTN A.
The effect of ionic strength on the end joining reaction was assessed by increasing the NaCl concentration within the reaction (Fig. 8B) . StuI-linearized DNA rejoining was relatively tolerant to increased ionic strength between 0 and 25 mM NaCl, but began to be inhibited at concentrations ≥50 mM NaCl. Inhibition was ∼75% at 100 mM NaCl and reached nearly 95% at 200 mM NaCl. In contrast to the relatively high tolerance to increased ionic strength observed with the StuIlinearized substrate, reactions conducted with bleomycinlinearized DNA were sensitive to inhibition by NaCl even at low concentrations (Fig. 8B) . Repair continuously decreased with increasing salt concentration and inhibition was nearly complete at 100 mM NaCl.
Time course analysis of the repair reactions for StuI-linearized and bleomycin-linearized DNAs indicate that the initial rate of repair for the two substrates is different. Bleomycin-induced DSBs are repaired with a 6-fold lower initial rate (measured at 3 h) than blunt-ended DSBs produced by StuI (Fig. 8C) . In addition, repair of bleomycin-induced DSBs appears to involve a lag phase between 0 and 1 h that is not evident in the end joining reactions for blunt-ended DNA. These results may explain why PTN A consistently produces more product from the StuI-linearized substrate DNA than from bleomycin-linearized DNA. The initial lag in repair of the bleomycin-linearized DNA is of particular interest and may reflect end group processing, suggesting that this might be a rate limiting step in repair of this substrate.
No difference in pH optima was observed with the bleomycinlinearized DNA substrate and the blunt-ended StuI-linearized substrate. Maximum repair activity was obtained at pH 8.2 with both substrates (data not shown).
DISCUSSION
In this report we present an in vitro DSB end joining assay designed to permit biochemical analysis for the repair of bona fide oxidatively induced DNA DSBs. This assay has a number of advantages over current in vitro DSB repair assays. First, the assay is easy to set up and perform and it allows relatively high throughput with the fast turnover necessary for biochemical separation procedures. The sensitivity of VG staining followed by FluorImager detection permits direct observation of repair products in agarose gels. This method of detecting repair products allows us to overcome several technical challenges associated with other end joining assays. Most DSB end joining assays currently in use rely on either ethidium bromide detection of substrates and products, repair of 32 P-labeled substrate DNA followed by autoradiography, or Southern blotting to detect repair products (13) (14) (15) (16) 18, 31, 39, 40) . Due to the limited sensitivity of ethidium bromide staining, assays using this method of detection require large quantities (≥1 µg) of substrate DNA in each reaction in order to permit detection of repair products. This approach limits the DSB induction method used to create linear plasmid substrate DNA to methods that can efficiently produce purified linear DNA in quantities of hundreds of micrograms. Therefore, the primary method used to produce substrate DNA for assays employing ethidium bromide detection is restriction enzyme cleavage. However, as discussed above, restriction enzyme-induced DSBs only replicate the physical discontinuity of naturally occurring DSBs and not their chemical complexity or physical structure.
Post-electrophoretic VG staining also permits us to avoid problems associated with handling and use of 32 P-labeled substrates, including time limitations upon production and use of the substrate imposed by isotope half-life, as well as continued secondary damage produced by 32 P decay. Finally, assays that require Southern blotting to detect repair products are slow and complex to complete. Consequently, they do not permit the fast turn-around times needed during protein purification and activity assessment.
Several assays currently in use to analyze restriction enzyme-induced DSB repair include dNTPs in the reaction buffer. Due to the 3′-OH and 5′-PO 4 structure of restriction enzyme-induced DSB ends, the presence of dNTPs may permit polymerization reactions to occur. While this may or may not actually happen in vivo during the repair of oxidatively induced DSBs, it does add another level of complexity to analysis of the end joining reaction (20) . By excluding dNTPs from our reactions, we limit the repair to end joining only.
Finally, although we present comparative results for DSB repair of restriction enzyme-and bleomycin-damaged linear plasmid substrates, substrates produced by any DSB-inducing agent can easily be substituted and compared. Therefore, this assay may be useful to assess the relative cytotoxicity of DNA double-strand-breaking agents based upon the relative repairability of the DSBs produced by these agents Comparative analysis of oxidatively induced DSB and bluntended restriction enzyme-induced DSB repair demonstrates damage-dependent differences in the repair reaction. These results show the chemical and physical structures of the DSB end group to be necessary and important considerations when investigating NHEJ repair. Therefore, to accurately model NHEJ repair in vitro, repair reactions should use substrates containing end groups that simulate naturally occurring DSBs as closely as possible. This approach may allow the complete complement of enzymes and overall reaction mechanism involved in the repair of naturally occurring DSBs to be determined. Developing information of this type may also help to explain the differential cytotoxicity of various DNA-strandbreaking agents.
